All processing systems of waterworks produce a substantial amount of sludge with the residues of treatment chemicals used as coagulants (commonly aluminum-based). Landfill is usually considered as a common disposal strategy for sludge and the incineration residues in most metropolitan areas worldwide. However, the aluminum and/iron contained in the sludge will be largely wasted in landfills, and the metal ions might also be leached out and cause further pollution to the surrounding areas. Therefore, the need for "waste-to-resource" makes the increasing incentive to develop economically viable reuse and recycling options. The major elements in the incinerated ash of municipal wastewater sludge are aluminum and silicon detected from XRF results, which are major components for glassceramics. Therefore, in this study, the incineration ash of waterworks sludge was reused as raw materials to produce the glass-ceramics, and the metal transformation mechanisms were further explicated via the combination of advanced techniques. The ZnAl2O4 spinels were produced with large quantity when sintering zinc oxide with ashes of waterworks sludge. The simulated system with clay and zinc oxide was also studied to investigate the incorporation mechanism of zinc in the glass-ceramics products. Both zinc aluminate spinel (ZnAl2O4) and willemite (Zn2SiO4) phases were formed during the sintering process. Furthermore, the efficiency of zinc transformation was determined through Rietveld refinement analyses of X-ray diffraction (XRD) data. The results show a competitive formation between ZnAl2O4 and Zn2SiO4, and the ZnAl2O4 spinel is predominant at high temperatures. This study used a prolonged leaching test modified from the U.S. Environmental Protection Agency's toxicity characteristic leaching procedure (TCLP) to evaluate ZnO, ZnAl2O4, and Zn2SiO4 product phases. The zinc concentrations in ZnO and Zn2SiO4 leachates were about two orders of magnitude higher than that of ZnAl2O4 leachate at the end of the experiment, indicating that ZnAl2O4 formation is the preferred stabilization mechanism for incorporating zinc in ceramic products.
Introduction
Sludge management strategy often receives widespread attention in public media and attracts intensive technical and political debates. Usually, waterworks sludge typically contains mineral and humic matters removed and precipitated from the raw water, together with the residues of any treatment chemicals used as coagulants (commonly aluminum or iron salts) and coagulant aids (mostly organic polymers). In the practical context, alum sludge and ferric sludge refer respectively to the waterworks sludge generated when aluminum or iron salt is used as the coagulant. As a waste-to-resource technology, the use of sludge residue resulting from water treatment process and incineration treatment has attracted much attention (1) . During the drinking water (waterworks) treatment, all processing systems generate a substantial amount of sludge with the treatment chemicals used for coagulants (commonly aluminum-based) (2) . The metal resources contained in the sludge/residues will be largely wasted if they are disposed of in landfills. Furthermore, the metal ions might also be leached out and cause further pollution to the surrounding areas. Therefore, potential reuse and recycling strategies for aluminum and iron in the incineration residues should be taken into account to be part of a sustainable waste management plan.
Zinc is a typical heavy metal which is not biodegradable and could be accumulated in nature, causing various diseases and disorders when exceeding specific limits (3) . Many investigators attempted to immobilize metals via adding amendments (4) . However, researches on the solidification/stabilization technologies talked above failed to investigate the transformations of compounds within the system and recognize the mechanisms of reactions occurring. It has been demonstrated in our previous work that nickel and copper can be stabilized with well-controlled thermal treatment schemes via the formation of the spinel structure (5) (6) (7) . In addition, the product was proposed to be beneficially used as a part of the raw materials for marketable ceramic products.
Recently, use of Al-rich sludge as raw material for ceramic products was also reported by Vicenzi et al. (2) . Therefore, based on the stabilization effect caused by the formation of spinel structure, it is expected that such type of sludge rich in aluminum content and its dried and heated forms may serve as a potential ceramic resource to stabilize hazardous metals.
Materials and Methods

Sludge characterization
Samples of waterworks sludge collected in Hong Kong were heated at 900 o C for 30 min. Results from X-ray fluorescence spectroscopy (XRF) show aluminum and silicon to be the predominant constituents ( Table 1 ). The Xray diffraction (XRD) pattern in Fig. 1a indicates that the aluminum component may exist in mullite (3Al2O3 2SiO2) and poor-crystalline phase(s) in the calcined waterworks sludge. A strong quartz signal was also found, which is consistent with the second-largest component (silicon) detected by XRF. 
Sample preparation
To evaluate the capability of incorporating zinc under sintering environment, the waterworks sludge sample above was heated for using as an aluminum-rich precursor. Furthermore, to study the zinc incorporation mechanism, the experiments were conducted with samples prepared by firing ZnO with -alumina and mullite. The sintering time was fixed at 3 h and the temperature ranged from 750 to 1450 o C. ZnO powder is the product of Sigma Aldrich, and -Al2O3 was produced from boehmite (AlOOH) upon thermal treatment at 650 o C for 3 h. The mullite precursor was prepared by calcining the kaolinite precursor at 1350 C for 24 h. The XRD data in Fig. 1b suggested that both mullite and cristobalite (SiO2) coexisted in the sample.
Samples for all sintering experiments were prepared by mixing each precursor with ZnO powder for a total dry weight of 60 g at a molar ratio of Zn:Al = 1:2. The mixing process was carried out by ball milling the powder in water slurry for 18 h. The slurry samples were dried and homogenized by mortar grinding and then pressed into 20 mm pellets at 650 MPa and fired. After sintering, the pellets were quenched in air with the measurement of the pellets diameters by vernier calipers for 6 replicates. Pellets after firing were used for scanning electron microscopy (SEM) and ground into randomly oriented powders for XRD analysis. 
Experimental procedure
The pelletized powder mixture samples were fired in a high-temperature furnace (LHT 02/16 LB, LBR, Nabertherm Inc.) for 3 h ranging from 650 to 1450 o C. After sintering, the samples were ground into powders for XRD analysis. The step-scanned XRD pattern was recorded by a Bruker D8 Advance X-ray powder diffractometer with 2 scanning range of 10 to 90º. Phase identification was executed by matching powder XRD patterns with those retrieved from the standard powder diffraction database of the International Centre for Diffraction Data (ICDD PDF-2, Release 2008). Acetic acid solution (10 mL with pH 2.9) was used as the leaching fluid for 0.5 g powder sample in each leaching vial. The leaching vials were rotated end-over-end at 60 rpm for agitation periods of 0.75 to 22 days. Their pH values were measured with a pH meter, and their metal concentrations with an ICP-AES. 
Results and Discussion
Potential of using Al in sludge residues
A sintering temperature range of 1150 o C to 1350 o C was used to investigate the potential reaction between zinccontaining phase(s) and the aluminum-rich components contained in waterworks sludge precursor. A mixture of ZnO and 900 o C calcined waterworks sludge at a Zn:Al molar ratio of 1:2 was prepared for the 3-h sintering scheme, and the XRD patterns show the success of incorporating zinc into the ZnAl2O4 spinel structure (Fig. 2) . The diffraction peaks of ZnO are not observable in the XRD patterns, whereas the ZnAl2O4 spinel is the predominant Zn-containing phase observed in the sample. Virtually all known drinking water processing systems generate enormous amounts of residual sludge, and what to do with this rapidly increasing waste stream in a beneficial and environmentally sustainable manner remains an important issue. The incorporation of zinc into the ZnAl2O4 structure by waterworks sludge at an attainable sintering temperature might indicate that the waterworks sludge may be economically reused for metal incorporation under thermal conditions. Figure 3 collates the XRD patterns of the sintered samples within the temperature range of 1150 o C to 1350 o C, and ZnAl2O4 is indicated as the predominant product phase after sintering in both systems. However, when using mullite as the precursors, the Zn2SiO4 phase is also detected beside the formation of the ZnAl2O4 spinel.
Incorporation behavior of zinc in alumina and mullite systems
To further quantify the variation of zinc incorporation efficiency in both precursor systems at different sintering temperatures, the distribution of crystalline phases in the products can be expressed by a "transformation ratio (TR, %)" index defined as equation (1):
(1) Figure 4 summarize the TR value of zinc into the ZnAl2O4 spinel in both alumina and mullite precursor systems sintered over the temperature range of 750-1350 o C. The reaction of zinc with -Al2O3 precursor was strong and even reached over 60% transformation at the lowest sintering temperature (750 o C). The zinc transformation continued to increase with elevated sintering temperature and reached over 90% at 1350 o C. In contrast, no ZnAl2O4 was observed when sintering ZnO with mullite precursor at 750 °C, but the TR value of zinc in mullite system achieved approximately about 100% transformation when sintered at 1350 °C. In general, the TR value of the -Al2O3 precursor was higher than that of the mullite precursor below 1150 °C. However, when the sintering temperature reached over 1150 °C, the mullite precursor showed a higher transformation efficiency, achieving near complete transformation of zinc into the ZnAl2O4 structure. 
The immobilization performance of zinc in ZnAl2O4 spinel structure
To investigate the effect of zinc immobilization after incorporation by the spinel structure, the inherent leachability of the zinc-containing phases, i.e. ZnO and ZnAl2O4, was evaluated through the prolonged TCLP leaching procedure. Figure 5 summarizes the amounts of leached zinc in both ZnO and ZnAl2O4 leachates. Within the first 18 h, the Zn 2+ concentration increased substantially to around 3000 mg L -1 , and then it remained at approximately this value throughout the rest of the leaching period. When the leaching of ZnAl2O4 was considered, the concentration of Zn 2+ kept increasing from the first 18 h to the end of this leaching procedure. However, even at the end of the leaching procedure, the concentration of Zn 2+ leached out from ZnAl2O4 phase is around 2.0 mg L -1 , which is much lower than that from ZnO phase. The amount of leached zinc in the ZnO leachate was about 3 orders of magnitude greater than that in the ZnAl2O4. In comparison to the leaching of metal oxides, the spinel demonstrated much higher inherent resistance to acidic attack, and thus the spinel incorporation strategy proved to be beneficial in stabilizing the hazardous metals. 
Conclusion
The formation of ZnAl2O4 spinel as the predominant Zn-containing product was achieved through the sintering process between ZnO and calcined waterworks sludge. When investigating the incorporation mechanisms of zinc in both -Al2O3 and mullite systems, the transformation ratios were quantified. The reaction of zinc with -Al2O3 precursor reached over 90% at 1350 o C, while the TR value of zinc in mullite system achieved approximately 100% at this temperature. The TR value of the -Al2O3 precursor was higher than that of the mullite precursor below 1150 °C, but a higher transformation efficiency was observed in the mullite system at higher temperatures. Results from prolonged leaching tests suggest a substantially higher resistance of ZnAl2O4 toward acidic attack, compared with ZnO. Results above indicate that the aluminium and silicon contained in the waterworks sludge may be economically reused as ceramic raw materials for metal incorporation under thermal conditions. Therefore, reliable and safe ceramic products will be produced and potentially used as building materials, paving materials, refractory materials, and so on.
